The speciation of reactive metallic species is important in environmental and biological studies, because their bioavailability and toxicity depends on the reactivity or lability of the species. 1 Our previous studies revealed the usefulness of catalytic methods for the speciation of reactive vanadium, 2 iron 3-5 and molybdenum 6 species in natural water. Especially, the catalytic spectrophotometric method 3 using an ironcatalyzed oxidation reaction of o-phenylenediamine (OPDA) with hydrogen peroxide can be used to determine reactive iron with well-characterized forms, i.e., Fe 3+ and Fe III Li 3-in , where i = 1 or 2 for a unidentate ligand and i = 1 for a bidentate ligand (L n-), as naturally occurring species in water samples without any chemical pretreatment. The water sample is usually acidified before analysis. However, acidification should be avoided for speciation, because it changes the chemical forms of iron, e.g., the dissociation of unreactive iron(III) hydroxide(s) and complexed iron species. 4, 5 Flow injection analysis (FIA) is suitable for the catalytic method, because of easy and precise control of the kinetic processes of a micro volume of the sample. PTFE tubes are most commonly used for the manifold of the FIA system. However, iron in a neutral or basic solution is adsorbed on the inner wall of the PTFE tube, although adsorption can be used for the preconcetration of iron. 7 The inhibition of adsorption with magnesium(II) was reported, 7,8 but was insufficient for iron. Therefore, we studied the influence of the adsorption of iron, and developed its evaluation method for a reliable FIA using the above-mentioned catalytic reaction. The reactive form of iron was characterized by an equilibrium study of hydroxo, fluoro and oxalato Fe(III) complexes. The proposed FIA method was applied to the speciation of reactive and unreactive iron in river-and tap-water samples.
Experimental

Reagents
Unless stated otherwise, all chemicals were of analyticalreagent grade. Ultrapure water with ≥ 18 MΩ m and Ultrapur HCl and NaOH solutions (high-purity reagents, Kanto Chemical) were used throughout. An OPDA solution (60 mM) was prepared by dissolving the reagent in water. This solution was stored in a refrigerator at 5˚C and used within 12 h. An iron stock standard solution (1.00 g L -1 of Fe(III)) was prepared by dissolving FeNH4(SO4)2·12H2O (purity ≥ 99.0%) in 0.1 mol L -1 HCl. Working iron standard solutions containing 1 mM HCl were prepared by diluting the stock standard solution with 1 mM HCl before use. Iron solutions with higher pH values (> 3) were prepared by adding 0.1 mM NaOH into the working iron standard solution, diluting with water, and used after equilibrating for 24 h at 25˚C in polystyrene bottles. In a complexation study, the working iron solution was mixed with a Na2C2O4 or NaF solution at pH 3 just before the determination. If necessary, the iron concentrations in these solutions were determined by atomic-absorption spectrophotometry (AAS) after acidification to 0.1 mol L -1 HCl. Humic acid (HA) reagent (Wako Pure Chemical Industries) was used as a reference material for the determination of humic substances in water samples. Figure 1 shows the FIA system used in this study. PTFE tubes with 0.5 mm i.d. and Daiflon connectors were used throughout. Four double-plunger pumps (Nihon Seimitsu Kagaku) were used to propel carrier (R1 in Fig. 1 ) and reagent (R2 -R4) solutions. A valve-type sample injector 9 (S) was comprised of a six-way chromatographic valve and a PTFE sample loop.
Apparatus
A Shimadzu UV-140-01 double-beam spectrophotometer equipped with a silica glass flow cell (optical path, 10 mm long and 18-µl) and a strip-chart recorder was used for absorbance measurements. A reaction coil (RC) and the other four coils (C1 -C4) were submerged into a thermostated water bath (50±0.1˚C, unless otherwise stated) in order to control the temperature of the solution streams. The cell chamber (TC) was also controlled at a constant temperature by circulating water from the water bath.
To estimate the adsorption of iron on the inner wall of RC (Fig. 1) , a single-line FIA-AAS system was comprised of P1, S, RC and a Hitachi 180-30 atomic-absorption spectrophotometer with a C2H2-air flame burner. In this case, RC was placed at room temperature.
A LABODISC filter unit (cellulose acetate, Advantec Toyo) with a pore size of 0.45 µm was used without any washing. Ultrafiltration was carried out using a 1K Microsep ultrafilter (Pall Filtron) with a nominal cut-off value of 10 3 daltons as molecular weights (MW). The ultrafilter was washed by ultrafiltration with 0.05 mol L -1 aqueous ammonia and then water. The contamination and loss in the filtration and ultrafiltration was checked previously. 4 
Determination procedure for reactive iron
The reagent solutions were set up as indicated in Fig. 1 . A sample solution of 200 µl was introduced into the sample injector (S) by a peristaltic pump, and then injected into the carrier flow.
The absorbance of oxidized OPDA was continuously monitored at 450 nm. The height of the resulting peak signal was measured for the determination. Working iron solutions (1 mmol L -1 HCl) were used in order to construct the calibration graph of iron.
Results and Discussion
Optimization of the FIA system
The absorbance of oxidized OPDA was linearly increased with the reaction time, and the concentration of iron was proportional to the absorbance at a fixed reaction time. 3 For FIA, a fixed time method (the measurement of the peak height) was adopted and the reaction condition was optimized for rapid analysis, based on a study 3 by the manual-batch method. Figure  2 (A) shows the effect of the reaction temperature on the peak height of 20 µg L -1 of Fe(III) and the sampling rate (samples h -1 ). An optimized temperature of 50˚C gave a larger peak height and was thus adopted. From the result in Fig. 2 (B) , the increase in the length of the reaction coil was also effective to increase the peak height, because of the increase in the reaction time. However, the sampling rate decreased with increasing the length, because of the increase in the dispersion of the injected sample. Therefore, 4 m was adopted as a compromised condition.
Determination characteristics
Figure 3 (A) shows typical peak signals recorded for different concentrations of Fe(III) by the injection of iron standard solutions into the optimized FIA system. The standard deviation (s) in five determinations of 2 µg L -1 of Fe(III) was used to estimate the detection limit (DL) of iron corresponding to 3s. The determination characteristics of the FIA method were compared with the previous manual-batch method, 3 and are summarized in Table 1 . The DL value obtained by the FIA method was equal to that by the manual-batch method. The linear range (0 -100 µg L -1 ) of the calibration graph obtained by the FIA method was three-times wider than that by the manual-batch method. Fe(II) and Fe(III) were determined as Fe(III) by the methods, because of the oxidation of Fe(II) with H2O2. 3 In the FIA method, the sampling rate (8 samples h -1 ) for non-acidified samples was lower than that for acidified samples (1 mmol L -1 HCl), because of the longer tailing of the peak profile, as shown in Fig. 3 (B) . However, even the low sampling rate was higher than that in the manual-batch method.
Adsorption of iron in the FIA system
The influence of the adsorption of iron on the determination was investigated by comparing the peak profiles between iron(III) solutions (500 µg L -1 ) with pH values of 3.0 and 4.7. An iron solution with pH 3.0 (1 mmol L -1 HCl) was used as the standard solution, because adsorptive iron(III) hydroxide(s) was not contained in it, as described later.
During FIA measurements, the decrease of the iron concentration in the storage of the solution was about 10% for pH 4.7, and negligible for pH 3.0. Peak profiles in AAS. Some hydroxo iron species can not be determined by the catalytic method, even when they are not adsorbed. Therefore, the peak profiles were measured by single-line flow-injection AAS. An iron solution with pH 3.0 was injected into a carrier flow of 1 mmol L -1 HCl. An iron solution with pH 4.7 was mixed with a buffer solution or a mixed-reagent solution (buffer, OPDA and H2O2 used for catalytic FIA). The concentrations of the reagents were controlled to be those in the reaction coil, shown in Fig. 1 . After mixing, the pH and the concentration of iron became 4.5 and 325 µg L -1 , respectively. This iron solution was immediately injected into the carrier flow of the same reagent solution. Figure 3 (C) shows the resulting peak profiles for iron solutions with pH 3.0 and 4.7 (value before mixing). The peak profile (f) of the iron solution (pH 4.7) injected into the buffer solution was similar to that into the mixed-reagent solution. From the peak height, corresponding to 161 µg L -1 , of the profile (f), 50% of the iron was lost. In this case, the base-line absorbance was increased by an acidic carrier (1 mmol L unclear, because of a large variation (±20 µg L -1 as iron) of the base-line. From the equilibrium of hydroxo Fe(III) species at pH 4.5 or 4.7, most of the iron adsorbed was characterized as iron(III) hydroxide(s). Iron(III) hydroxide(s), which is coagulated (particle size > 0.45 µm) 4 and probably charged positively, 10 may be adsorbed at the anion site (hydroxy group introduced by the substitution of fluorine) 8 of the PTFE tube. Peak profiles in catalytic spectrophotometry.
Iron(III) hydroxide(s) is unreactive and not determined by our catalytic method. 3 Therefore, when the dissolution of the adsorbed iron(III) hydroxide(s) is negligible, the adsorption does not cause any determination error for reactive iron in the proposed catalytic FIA. Figure 3 (B) shows the peak profiles measured by catalytic FIA. A comparison of the resulting profiles (d and f) suggested that the unreactive iron in the iron solution with pH 4.7 was adsorbed on the PTFE tube, and then dissociated into the reactive iron species in the tailing part of the profile (f). Therefore, an evaluation of the influence of the dissociated iron was required for reliable speciation by a measurement of the peak height, i.e., the difference in the absorbance between the peak top and the base-line.
Magnesium(II) was presumed to occupy the site of adsorption and to prevent the adsorption of analytes. 7, 8 However, in the proposed FIA, the addition of 0.2, 0.5 or 5 mmol L -1 of magnesium(II) into a tap-water sample was not effective to prevent the tailing.
Evaluation of the influence of adsorbed iron
In catalytic FIA, the increase in the half-width (or area) of the peak profile indicated the influence of the dissociation of iron adsorbed on the PTFE tube. However, the half-width (or area) can not be used to find a part where the dissociation of adsorbed iron occurs. Therefore, to evaluate the influence, we used the absorbance ratio (Pt/Pt,o) on the peak profile, where Pt and Pt,o were the absorbances (height from the base-line) for a sample and the iron standard solution, respectively, at a scanning time (t, s) from the start point of the profile. A part of the profile with a constant Pt/Pt,o indicates that no influence occurred. In order to compare the absorbance ratio obtained by using standard solutions with different concentrations of iron, the ratio was normalized to 1 at a scanning time in a range with a constant Pt/Pt,o. From the peak profiles shown in Fig. 3 (B) , t = 22.5, which gave higher absorbances, was selected as the scanning time for the normalization. Figure 4 shows the normalized absorbance ratio (NAR), i.e., (Pt/Pt,o)/(P22.5/P22.5,o), for an iron standard solution and some kinds of water samples. The value of NAR is ideally 1 for no influence of the dissociation of adsorbed iron. It was confirmed for an iron standard solution containing 100 µg L -1 of Fe(III) (Fig. 4, a) . Up to t = 52.5, the value of NAR was 1.00 ± 0.03 with a maximum deviation of 0.06. The values of NAR for an iron solution (c) with pH 4.7 and 0.45-µm filtrates (d and e) of tapand river-water samples were larger than 1 in t > 30, indicating the dissociation of iron adsorbed. For example, NAR = 1.5 indicates that Pt is apparently 50% larger than the uninfluenced absorbance (Pt,o). On the other hand, in the front part (t ≤ 30) of the sample zone flowing in the FIA system, the dissociation of iron was not significant. A dispersion model of the sample zone suggests that the contact of the front part with the inner wall of tube is minimum, 9 and thereby the adsorption is minimum. When reactive iron is lost together with adsorbed iron(III) hydroxide(s), the value of NAR becomes less than 1. Except for the iron solution (b) containing oxalate ions, the values of NAR in Fig. 4 are not less than 1, indicating no adsorption of reactive iron. The influence of oxalate ions is discussed later.
For the above three samples (Fig. 4, c -e) , the deviation of NAR from 1 was 0.03, or comparable to 0.06, at the peak top appearing at t = 27, 26 and 29, respectively. Therefore, the dissociation of iron from iron(III) hydroxide(s) on the PTFE tube was negligible in measuring the peak height at the peak top. The variety of NAR curves (c -e) suggested the difference in the adsorptivity and/or solubility of the adsorptive iron in the river-and tap-water samples. For example, the amount of iron adsorbed on the surface of a polystyrene bottle was different between iron(III) hydroxide(s) and its humic aggregates. 4 Therefore, the validity of the measurement of the peak height should be checked by using NAR for the type of analyzed sample. When the measurement of the peak height (the maximum Pt) at peak top is inappropriate for the determination, the Pt value before achieving the maximum may be usable.
Influence of oxalate ions
In the proposed FIA, the half-width of the peak profile also increased in the presence of oxalate ions. On the other hand, in flow-injection AAS, the same peak profiles were obtained in both the presence and absence of oxalate ions, indicating no adsorption of iron. From the dispersion of the sample solution in the FIA system, the concentration of oxalate was highest at the peak top and lower near to both edges of the profile. Therefore, the formation of an unreactive oxalato iron complex seriously distorted the peak profile near the peak top. In this case, the value of NAR was minimized at the peak top (t = 30), as shown in Fig. 4 , b. This type of the NAR curve can be used to check the presence of unreactive iron caused by strong complexation.
Characterization of reactive iron species
By the manual-batch method, the reactive iron species were characterized for hydroxo, oxalato and fluoro Fe(III) complexes. 3 Characterization was also required for the proposed FIA method, because the reaction conditions were different in both the methods and a significant adsorption of iron(III) hydroxide on the PTFE tube was caused in the FIA system. The abundances of reactive iron determined by the proposed FIA method were compared with the calculated values 3 based on the chemical equilibrium of the iron complexes using the stability constants at 25˚C (ion strength, 0). Oxalato and fluoro complexes. The concentrations of oxalate (Ox 2-) and fluoride ions were controlled to be sufficiently higher than that of iron to calculate the abundance of each iron complex. 3 Because the complexation rates are rapid, the concentrations of the above complexants at the peak top contribute to the distribution of their Fe(III) complexes at this point. The concentrations of the complexants at the peak top were calculated using an experimental value of the dilution and dispersion of the sample at this point by an absorbance measurement of an acidified methyl orange solution before and after injection into a stream of 0.1 mol l -1 HCl instead of the carrier and reagent streams. Figure 5 (A and B) shows the experimental and calculated results for the oxalato and fluoro , Fe(OH) 2+ and Fe(OH)2 + , and not Fe(OH)3 (s). The pH value of the original iron solutions contributed to the distribution of the species, although it was 3 in the carrier stream and 4.5 in the reaction coil and the flow cell.
At pH 4.5, the resulting abundance was near to the calculated value, because the catalytic reaction was carried out at the same pH value, and thereby the dissociation and formation of unreactive iron(III) hydroxide(s) in the sample zone was minimized. At pH 6.9 near to the pH value of river or tap water, the determined 0.5 µg L -1 (0.5% of the total iron) was higher than the calculated value (0.02 µg L -1 ), probably owning to the partial dissolution of iron(III) hydroxide(s) in the sample zone, although it was 10-times lower than that obtained by the batch method. These results indicate both the uncertainty and limitation of the proposed method in the direct analysis of water samples containing iron(III) hydroxide(s) and other adsorptive/dissociative matter. Therefore, at low µg L -1 levels of iron, ultrafiltration was carried out to determine the real concentration of simple iron species, e.g., reactive fluoro Fe(III) complexes.
From the foregoing discussion, the reactive and determinable iron species were characterized as Fe 3+ and Fe III Li 3-in , where i = 1 or 2 for a unidentate ligand and i = 1 for a bidentate ligand (L n-). Thus, the proposed FIA can be used to determine the same iron species as in the manual-batch method. 3 
Speciation of iron in river-and tap-water samples
River-and tap-water samples were collected in Kofu, Japan. Table 2 gives the analytical results obtained by the proposed catalytic FIA and AAS. In AAS, 200 µl of the sample was placed in a PTFE cup, and directly introduced into a flame burner (single drop method).
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Before the analysis, solid particles in the samples were eliminated by filtration through a filter with a pore size of 0.45 µm. Acidification was carried out by adjusting the pH value to 1 with HCl in order to obtain the total concentration (B in Table 2 ) of iron. The acidified samples were equilibrated for one day before analysis. In the proposed catalytic FIA, the pH value of these samples was re-adjusted to 3 -3.5 with a NaOH solution just before the determination. In this case, iron standard solutions were prepared by the same pH adjustment.
The concentration of unreactive iron was calculated by B -A, as shown in Table 2 . The concentration of reactive iron in the high-MW and colloidal fraction (MW 10 3 -0.45 µm) was calculated by A -C. The concentration of humic substances was determined as HA based on the fluorometric method. [3] [4] [5] For all of the acidified samples, the analytical results obtained by the proposed FIA method agreed with those by the AAS method within an error of 5%. These results indicate that the total concentration of iron is obtainable by the FIA method when the sample is acidified. For a non-acidified sample of river-water (Sample No. 1), the FIA result was lower than the AAS result. The AAS results for acidified and non-acidified samples gave the same analytical value within the error. These results indicate that the FIA method is selective to reactive species, whereas the AAS method is not. River-water sample. The concentrations (A and B for Sample No. 1 in Table 2 ) of reactive and total iron obtained by the FIA indicate that only 10% of iron existed as the reactive form. The presence of HA (0.35 mg l -1 ) in the river water suggested that reactive and unreactive iron existed on humic iron aggregates as well as in them, respectively. Table 2 ) contained low percentages of reactive iron, 3 and 5%, respectively. Most of iron was characterized as unreactive iron(III) hydroxide(s) from the equilibrium of hydroxo Fe(III) species (Fig. 5, C) and insignificant concentrations of HA (< 0.02 mg L -1 ). Significant, but low, concentrations (A -C) indicate the presence of reactive iron in the high-MW and colloidal fraction. This type of iron may be active amorphous Fe(III) hydroxide 4, 12 or unknown iron species. Fluoride ion (0.07 mg L -1 ) was found in a sample collected on a separate day. Therefore, the fluoro Fe(III) complex is a possible form of reactive iron found in the low-MW fraction, as described for a river-water sample (No. 1).
Conclusion
A catalytic spectrophotometric FIA method was proposed for the determination of reactive iron species in non-acidified water samples. Iron adsorbed on the inner wall of a PTFE tube in the FIA system was characterized as unreactive iron(III) hydroxide(s). A partial dissolution of the adsorbed iron changed the peak profile of the reactive iron species. The proposed normalized absorption ratio was useful to evaluate the 377 ANALYTICAL SCIENCES MARCH 2003, VOL. 19 Table 2 Determination of iron (µg L influence of the adsorbed iron on the peak profile and to check the validity of the measurement of the peak height. The combination of the proposed method with acidification and filtration quantitatively revealed the presence of reactive and unreactive iron associated with humic iron aggregates, unreactive iron(III) hydroxide(s) and reactive iron complexing simple complexant(s) in river-and tap-water samples.
